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STUMMARY

A flight investigation was made of boundary-layer
and profile~drag characteristics of smooth wing sections
of a P-47D airplane. Measursments were made at three
stations on the wing: Dboundary-layer measursmenrts were
made on the upper surface of the left wing in the slip-
stream at 25 perceant semispan; vnressuvre-distribution
measurements were made on the upner surface of the left
wing at 63 percent semispan; and wake surveys were made
at 65 percent semisvan of the right wing., The tests
were made in straight flight and in turns over a range
of condlitions in which alrplane 1ift coefficients,
from 0.15 to 0.68, Reynclds numbers from 7.7 x 10°
to 19.7 x 109, and lach numbers from 0.25 to 0.69 were
obtained.

The results of the investigation indicated a
minimum profile-drag coefficient of 0.0062 for the smooth
section at 63 percent semispan. A%t the highest Mach
nuaber attained In the tests, the critical Mach number
was exceeded by at least 0.0l with no evidence of com-
pressibility shock lossss appearing in the form of
increased width of the wake or increassd profile-drag
coeificient. TFor flight conditions approaching the
critical Mach number, variations in Mach number of as
much as 0,17 appeared to have no effect on the profile-
drag coefficient.

In the slipstream, transition occurred at least as
far back as 20 percent chord on the upper surface at low
1ift coefficients. q
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In order to ovntein a comparison of'thie profile-drag
characteristics of wing sections of low-drag ancC older

types under similar flight cond
made of two P-i.7 alrplanes:

itions, tests have been

the P-L7D airplane, having
Republic S-% sections and the XP-47F al
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lane, having

sections that varied from an WACA 66-series section at

the plane of symmetry to an NAC
the tip. The investigation of
XP-L7F zirplane included tests
drag of a wing section outside

.
Y o N}
SRR VRS

A H7-series s3ction at
the wing sections of the
to determine the profile
thae slipstream and the
ens inside and cutsice

poaition of transition on
the slipstream. The results of
rresented in referance 1.
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this investigatiocn are

Tre tests with the P-L7D airplune repcrted herein
were generally similar in scone to the tests with the
XP-i7F airplane except that the tests with the P-47D
were extended to coasidsrably highsr Mach numbers in
ordsr to obtain some informaticn on compressibllity
effects at Mach nuibers through the critical valve.

The tests were made in straighi flight and steady turns
at various normsl accelerations cver a range of indicated
airspeeds from 155 to 330 milss per hour at altitudes

of 12,000 and 2lt,C00 feet.
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SYMBOLS

c secticn chord
bd distance along chord from leading edgse
S distance along surface from leading edge
el deflecticn of curvature gage
distance above surface, position in wake
o free-stream total pressure
Hy total pressure in boundary layer
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AH loss of total pressure in wake
P free-stream static pressure
o
P local static pressure
e, free-stream impact pressure (Ho - pQ)
Q, free~-stream dynamic pressure (%pOV%>
Ty absolute temperature in boundary layer
Tg absolute temperature just outside boundary layer
u velocity in boundary layer
uy velocity in boundary layer near surface
U velocity fust outside boundary layer
. R I/ p - po
P rresgure coefficient \-—?;—"—
o
Pcr critical pressure coefficient, corresponding to
local velocity of sound
Cr, airplane 1ift coefficient
cdo section profile-crag coefficient
64 alleron deflection, negative for up deflection
Ve cal ibrated airspsed (airspeed related to
‘ differential pressure Dy accepted standard
acdiabatic formula used in calibration of
differential-pressure indicators and equal to
true airspeed for standard sea-level conditions)
i true airspeed
R Reynolds number
Mo free-stream Mach number
My Mach number in boundary layer
Mé Mach number just outside boundary layer
N v;,?;,‘ﬂ#‘
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Mop critical Mach numher
g acceleration of gravity
Po frec-stream density

Subscripts:

R right
L sft

APPARATUS

The P-!.7D airplane is a low-wing, single-engine
monoplane with a Pratt & Whitney R~2§OO-21 engine and
a four-blade Curtiss electric propellsr (fig. 1). The
airplane has a gross weight of about 12,000 pounds, a
wing span of ;1 feet, and a wing area of 300 square feet.
Tlie wing inccrporates Republic 3-5 airfeil sections,
which have pressure-distribution characteristics similar
toc those of the NalA 230~series sections.

Trnree wing sections wsre tssted {(fig. 1): one on
the risht wing and one on the left wing located 63 per-
cent semispan from the plane of symmetry, or about 2 feet
outboard of the lap (szction with alleron); and one on
the left wing located 2t percent semiapzn from the plane
of symmetry, cr abeut 1 foot within the edge of the pro-
peller disk, Lach of the outboard sections had a chord
of 7.17 feet and a maximum thickness ol 11 percent chord.
The inboard section in the slipstream had a chord of
3,73 feet and a maximuwn thickness of 1.6 percent chord.
A photograph of the test section on the right wing 1is
shown as figure 2, '

The upper surfsces of the sections on the left wing
and the upper and lcwer surfaces of the section on the
rizht wing were faired by filling with glazing putty
anG thenn sanding smooth to reduce the surface waviness,
The surfeces were thien sprayed with several ccats of
whitite lacguer-based palnt for a vrotective coating and
sanded lightly in a chordwise direction with No. 320
carborundum parer. An indlcation of surface waviness
was ootainasd by means of a curvature gage (fig. 3) with
legs spaced ! percent of the wing segtion chord. The
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waviness condition of the faired surfaces is indicated
in figure L by the plot of the waviness index &/c
against s/c.

Boundary-layer racks, each consisting of one static-
pressure tube and either one or five total-pressure tubes
(fig. 5), were used to determine boundary-laver charac-

teristics. The tubes were made of l-inch brass tubing with

8

a gg-indh wall thickness. _The‘ubStream end of the total-

pressure tube was filed and {lattened so as to leave an
opening 0,003 inch deep and 3 inch wide and to have a

0.003-inch wall thickness, The static-pressure tube had

8ix orifices 0.02 %ndh in diameter equally spaced around
the periprhery at 1E inches downstream from the hemispherical

end. Each total-pressure tube of a rack was connected to
an NACA recording multiple manometer and referenced to
the static pressure obtained from the static-pressure
tube set about 1/ inch from the surface. With this
arrangement, the impact pressure was measured at various
distances above the surface when the six-tube rack was
used and near the surface when the two-tube rack was
used. The static pressure measured by the static-pressure
tube was referenced to the static pressure obtained by
means of an airspeed head mounted on a boom 1 chord ghead
of the leading edge cof the right wing tip (fig. 1).

Surveys of the wake of the right wing section were
made by means of the rake shown in figure 6 mounted 19 per-
cent chord behind the trailing edge. The rake consisted
of 2l total-pressure tubes spaced 0.3 inch and 5 static-
pressure tubes spaced equally across the rake. The total-
pressure tubes were connected to an NACA recording
multiple manometer and referenced to free-stream total
pressure in order that the total-pressure loss at each
point in the wake could be obtained. The static pressure
in the wake was measured with the three central static-
pressure tubes, each of which was connected to the
manome ter, and referenced to the static pressure measured
by means of the airspeed head on the boom at the right
wing tip. Wool tufts were located on the upper surface
near the trailing-edge region about 2 feet on each side
of the center line of the section at 63 percent semispan
to determine whether any cross flow existed that would
invalidate the wake surveys,

]




All pressurcs, alleron positions, and normal accelera-
tlons were measured by NACA recording instruments. An
Indicating accelerometer was provicded for the pillot.

METHOD

In order to obtaln frse-stream static pressure,
corrections cdetermined from an airspesd calibration
were made to the static pressure measured by the air-
speed head mouvnted on the boom ghead of the right wing
tip., These corrasctlions were applied to all measurements
for which reference to free-stream static pressure was
required.

Boundary-liayer velocity profiles were determined
from the boundary-luyer measurements by use of the
compressible-flow relation

f . 2//7 . 1/2 1”,/2
a_ | (mg/e)™ -1 Ty
5 = -
§ <"<{O//_L 2/( -1 \T6
(TN
Fiéj ‘ﬂ?~//

or, to a first-order approximation,

My

=
;
U Mg

The alrplane 1ift coefficient at which transition
occurred at a given chordwise position wuas determined
from a plot cf the ratio u3/U against sirplane 1lift
coefficlent. The 1ift coefficient corresponding to
transitlon was ch.osen at the elbow of the curve as the
ratio uy/U suddenly increased from its laminar level
to 1ts turbulent level.

The rrofile-drag coefficients were determined by the
integrating method of reference 2; that is, the total-
pressure loss was Integrated across the wake and then
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nultiplied by factors despending on free-stream impact
pressure, maximum totel-nressure loss, static pressure
in the wale, and flight lMach number.

TESTS

Surveys of the weke of the smooth right wing section
were made rirst in straight flight with level-flight
powar and with the alrplane engine throttled and then in
turns in order to cover a wide range of flight conditions;
that is, airplane 1lift coefficients, Reynolds numbers,
and lach numbers, During the first flight in turns, the
filler used to fair the wing surface craciked at the
leading edge of the anmunition-compartmsnt door (at
11.5 percent chiord). Since tliz crack could not be kept
smooth and the surfece unbrcken in subsequent flights, the
weke survsys were discontinued.

Boundary-layer measuremeats were made toth with the
two-tube and tne six-iube boundsry-laver racks on the
upper surface of the inboard sszction behind the preopeller
ocn the left wing. NMeaswements of static pressure and

of impact pressure next to the swwrface for the detsr-
minaticn of transition were made with two-tube racxs

at 5, 10, 15, 20, and 25 nercant chord. MNeasurements

of velocity distribution through tne boundary lajer were
made with the six-tube racks at 15 and 20 nercent chord.

Transition measurements on the upprer surface of the
outboard sescition on the left wing were not feasible
because of the spanwise crack at the leading edge of
the ammunition-compartment docr at 11.5 percent chord.
Statlic rressures, however, were measured with che
static~pressure tubses of the pourndary-layer racizs at 10,
15, 20, 25, and 20 percent chord con the upper surface
of this wing.

The tests were made in straight flight (level flight
and shallow divss) at altitvudes of 12,000 and 21,000 feet
over a range of indicated airspesds from 1595 to 530 miles
per hour. The alirvrplane 1ift cosfficients obtained in
these tests ranged from 0.15 to 0.63; the Reynolds
nurber, from 7.7 x 10% to 19.2 x 10%; and the iach
nurber, from 0.25 to 0.69. Tests were &lso made in
turns st an gltitude ol 12,000 feet at indicsted sirspeeds
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from 256 to %60 miles per hour snd at normal accelera-

tions from 1%& to u%g. The airplens 1lift coefficlents

in the turns ranged from O. 21 to 0.55 :eynolds number,
rvm,WJ 2 % 105 to 19.7 x 106; sand Mauh nurber, from O,
to O. Olo .

EESULTS AND DISCUSITION

Pressure distribution and critical Mach number.-

Some representaive sfatic-pressure (istrioutions over
part of tre upper surface of the left wing sections

at 25 and 62 psrcent semlspan are shown 1in £ipure 7,

The critical Mach numbers of the two wing sectlous, as
determined by the von ¥édrmén mathod (referuncu %) from
pressure-distribution nmeasuremants at suberitical sneeds,

coVl - ¥a2
are otted in figure & against = _,____; y, wirich

J

\,’ 1 - urﬂr
represents the 1lift coefficlient that would be cobtained
if the Mash numoer were increased from Mg to Myy, at
trhe angle of atteck corrssponding te Cp. The flight
Mach number gnd the deflection of the left alleron are
plotted above the curves of critical lach number.

o

For the section at 6% nercent semispan, the critical
Mech number varied approximately linesrly from 0.66 at a
1lift ccefficient of 0.10 to Q. ”& at a 1ift coeflicient
of 0.8C; for the section at 25 nercent semispan, the
veriation of critical lMasch number over the sams range
of lift coefficiernts was from 0.63% to 0.L9. Althiough the
evaluation of critical Mach number irnvelved extrapolation
by the von Farmén msthod of static- pressure c¢ata obtained
at flight Mech numbers ranging from 0.02 to 0.30 below
the critical vslue, the results were in grod agreement for
the entire range of the extrapolation. The extent of the
extrapolation at varicus 1lift ccefficlents may be deter-
mined by comparing the flight Mach numbers at which the
pressure-distribution weasurements were made with the
critical Mach nurbers. (See fig. 8.)

According to the results vresented in reference L,
the critical Mach numbers as determined frow measurements
with ststlc-prsssure tubes similer to those used in the’
present investigation may be as ruch as 0.01 higher than
would be oaLained from measurements with orifioes flush
with the wing surface.




MACA ACR ¥o. I5H1la v 9

LS

It should be noted that, since t%e left aileron was
deflected upwsrd from 1.50 to 3,60 during the tests
(fig. 8), the critical ¥ach numbers at 63 percent semispan
mey e somevhat higher than the critical Mach numbers that
would Le obtainsd with the aileron neutral. An indication
of the magnitude of this elfect is given in refcrence 5,
which presents the results of tests of e wodel of e wing
section with aileron on a P- b¢B- (The MLQQ see-
tions of this airplane ere siwmilar to those of a P=-l7D air-
nlane.) The results in reference 5 showed that, st a
constant angle of attack in the renge of the flight tests,
the critical Mach number was ki:her by about 0.015 with
the aileron cdeflected upward 2° then with the a? leron neutral.

‘o: [
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3oundary-laver characteristics in slipstream.- The
method of determining the ailrclaue 1ift coefficient, sec-
tion Reynolds number, ard Tlight Mach nuwrber corresponcing
to transition frorw measurpm:ntk with & boundary-layer
rack in a given position on the wing surface is illustrsafed
in figure 9 for a rack at 15 percent cliord on the upper
surface in the slipstream (at 25 percent semispan,. The
broken lines in this figurs irdicate the conditions for
transition.

The rezults of the bounﬁarv-Wayaw measuremants indi-
caeted that, at low 1ift cosfficients, laminar flow was
obtained at least as fsr back as 20 percent chord on
the unper surface, which is ahout 2s far Dback as may
be expected c¢cn a similar wing section cutside the rro-
pel1er slipstream. Laminar flow at 20 percent chiord is

i1lustrated by typical velocity vrofiles in figure 10,
The 1lift ooefflcients, Reynolds numbers, zand Mach numbers
at which transition wag obtained at 10, 15, and 20 per-
cert chord are given in figure 11. At 1ift coefficients
and Reynolds numbers less than those indicated by the
curves for 15 and 2C percent chord in figure 11, the.
flow was laminar at thore chordwicse vositions. Although
transition measurements were also made at 5 and 25H per=-
cent chord, these data wers not prescnted, Inssmuch as
the flow was always larminar at 5 rercent chord and
always turbulent at 25 percent chord.

Profile-drag of wing section cutside sliipstrear.-
During all the teststhe wool tufts on tke unper surface
near 6% psrcent semispan of the right wing were directed
straight back and thereby indicatsd that ths waoke survsys

were not influenced by cross flow.

The profile-drag ccefficients of the smroth section
on the right wing are pressnted in figure 12 for otraibbt

flight and in figure 13 for turns.‘ihli;Pt Hach number
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eritical Mach number, Reynnlds number, calibreted air-
speed, and defleztion of the right aileron are olotted
above the profile~drsz curves. The critical Mach
nurber chown in figures 12 and 13 is thet for the left
wing section. Inasmuch es the right aileron was down
(figs. 12 and 13) when the left alleron was up (fig. 8),
the critical Mach number for the right wing section has
been estimated on the basis of the results of reference 5
to be of the order of 0.02 lower than the critical Mach
nurber of the left wing section. £Some representative
wake profiles obtained in straight flight are shown in
figure 1.

In straight flight, the profile-drag coefficient
varied from 0.0075 at a 1ift coefficisnt of 0.68 to
0.0062 at a 1lift coefficilent of 0.15 (fig. 12). The
minimum profile-drag ccefficient was 0.0062. Within
the accuracy of the measurements, changing from level-
flight power to zlides with engines throttled appeared
to have ro effect on the vrofile~drag ccefficlent.

The interpretation of the results of the profile-
dreg measurerents in turns (fig. 13) is comnlicated by
the fact that a crack developed at the leading edge
of the ammunition-compartwent door (at 11.5 vercent
chord) some time during the flight in which these measure-
merts were wade. Ths tendency toward lower profile-drag
coefficients for the first series cof turns than for the
other series indicated trat the crack may have developed
after tie first serics of turns. At 1ift coefficients
greater than 0.40, tie profile-drag coefficlents in
turns agrsed with thnse obtsined in straight flight and
thereby indicatsed that transition was probavly forward
of 11.5 percent shord at these high 1ift coefficients;
at 1ift coefficientsless than 0.0 the profile-drag
coefficients for the second and third series of turns
were somewhat higher than those obtained in straight
flight. The minimum profile-drag coefficlent for the
second and third series of turns was 0.C066.

For flight conditions approaching the critical
Mach number, o variation in Mach number as large as 0.17
(fig., 12) with a relatively small variation in Reynolds
number appeared to have no effesct on profils-drag
coefficient. A similar resnult was obtalned in the tests
rerorted in refsrence 6 on the same wing saction with
transition fixed nesr the lsading edge for smoothed and
moderately roughened surfazes. A comparison of figures 12
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and 13 shows that, &t a 1ift coefficient of 0.L7,

same value of prOEWIe dreg ccefficient (within the
experimental error) was obtained at Mack numbers varying
from 0,30 to 0.57; in this case, howvever, the varjation
in Feyioléds nurber was isrge (10 x 20° to 13 x 107) and
therefore mway nave had an effect on the results.

At the highest Mach number attsinsd in the tests
(0.69), the critical Mach number was exceeded by at
least 0.0L (fig. 12) with no evidsence of compressibility
shoclc losses appearing in the fcrm of increas width of
the wake and increacged profile-drag coaff101°nf. This
result appears to ‘néisate eliher theat Irrotational flow
without shoc'c existed to some eztart at supcrcritical
speeds, as suggested in references %, 7, &nd g, or trhat
the effect of comoression shock was of 5*5 fficient
magnitude to be measuradle by present avpsratus for a
small range of Mach nurbers akove the critical value,
Mild compression shocks have been Indicated ™oy Sc1L1eran
phntographs obtained in wind tunnels of WACA 2 O-series
gairfeils. These photographs shiow tiat, upcn atta-nment
of leccal velone!lty of sound, shock first avpears as a
series of swall shock waves and huilds up to a well-
establicshed shock front as the Nach nurber is further
increased.

CONCLU3TONS

The flﬁg 't investigation of boundary-layer sznd
pro”wle =dr=s nharasteristics of wing secticns of a
P-I7D ailplenp that were specially {inished to glve
aerodynamically smwooth surfaces having wavinsss of srmall
magnitude irdicated the following recults:

()

1. Boundary-laver transition at least as far back
es 20 percent chord was obtained on the upper surface of
a section in the slipstream st lcw 1ift coefficlents.

2. In ﬂtraig}f flight (level flight and shallow
dives) the profile-dreg coeffleient of o section outside
the slipstreanm varieﬁ from 0.0062 at a 1lift coefficient
of 0.15 to 0.0075 at a 1ift cosfficient of C.6C. The
minimum profile-drag coefficlent wes 0,0006Z.

3, At the highest Much number attained In ths teqts,
the critical Mach numfer wis excdded by at least 0.0L




[ ]
12 AU NACA ACR No. IS5Hlla

with o evidence of compnressibllity shock losses appearing
in the form of increased width of ths wakes or increas=zd
profile~drag ccefficient.

. For flight conditions aoproaching the cri
Mach number, variations in iech nvmker as large as 0.17
effi

Langley Memorial Aeronautical Laboratory
Nstional Advisory Cormittee for Aeronautics
Langley Fileld, Va,
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Figure 2.- Smooth test panel at 63 percent semispan on
right wing of P-47D airplane.
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Figure 4.~ Surface-waviness index of smooth surfaces of sections
on right and left wings of P-47D airplsne,
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Figure 6.- Wake-survey rake mounted on wing of
P-47D airplane.
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(b) At 25 percent semispan (in slipstreem).

Figure 7.- Typlcal pressure dlstributions over upper surface
of sections on left wing of P-47D airplane.
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Figure 8.- Critical Mach nugber derived from subcritical pressure
measurements on sections ‘of left wing of P-l7D airplane.

Mach number of pressure-distribution tests and deflection of
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Figure §.- Method of determining 1lift coefficient, Reynolds number,
snd Mach number corresponding to transition at & given chord-
wise position. (Example shown is for 15 percent chord.
Effective~-pressure center of total-pressure tube at 0.01 in.
above surface.)
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Figure 12.- Profile-drag coefficlent of smooth section on right wing
of P-h?D airplane as obtained in straight flight. Mach number,
Reynolds number, calibrated airspeed, and deflection of right
aileron sre plotted sbove cq -curve., Mgp-curve is from results
of left-wing tests.
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Figure 13.- Profile-drag coefficlent of smooth section of right wing
on P-47D sairplene as obtained In turns. Mach number, Reynolds
number, celibrated airspeed, snd deflection of right aileron are
plotted above ogd,~curves. Myp-curve 1s from results of left-
wing tests.
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